In 2008, the greatest experiment in history began. When in full operation, the Large Hadron Collider (LHC) at CERN will generate the greatest amount of information that has ever been produced in an experiment before. It will also reveal some of the most fundamental secrets of nature.
The large hadron collider (LHC) at CERN
The European Organization for Nuclear Research (originally the Conseil Européen pour la Recherche Nucléaire), commonly known as CERN, is the world's largest particle physics laboratory, situated in Geneva on the border between France and Switzerland. Its main function is to provide the particle accelerators and other infrastructure needed for high-energy physics research. Numerous experiments have been constructed at CERN by international collaborations to make use of them. CERN's biggest particle accelerator is now the Large Hadron Collider (LHC). It will smash protons together in head-on collisions at energy levels higher than ever achieved before. The collider has been built inside an already existing circular tunnel that is almost 27 km (26659 m) in circumference and about 100 m underground.
The LHC will provide proton-proton collisions with a centre-of-mass energy of 14 TeV and a very high number of collisions per second and per cm 2 (luminosity). In order to achieve this, the collider must operate with more than 2808 bunches per beam and a very high intensity (1.15×10 11 protons per bunch); this requires more 78 Figure 1 . The LHC dipole considered as a cylindrical coil.
14.3 m 9 cm than 8000 superconducting magnets of different types. The most challenging part of the LHC is the 1232 superconducting dipoles, which must operate reliably at the nominal magnetic field of 8.33 T.
Stored beam energy
How much energy are we talking about?
7 TeV = 7 × 10 12 eV 7 × 10 12 × 1.6 × 10 −19 = 1.12 × 10 −6 J.
This does not look like a lot of energy. Let us calculate the kinetic energy of a 60 mg insect flying at 20 cm s −1 :
That is, in the LHC each proton will reach an energy similar to that of an annoying . . . mosquito! But we have to keep in mind that this mosquito has 36 thousand trillion nucleons, whereas the 7 TeV in the LHC will be concentrated in one sole proton. Maybe this comparison is not very convincing, so let us look at it from another point of view. Let us calculate the energy present in each bunch:
7 TeV/proton × 1.15 × 10 11 protons/bunch. This represents the stored beam energy, and is equivalent to the energy produced in the explosion of 77.4 kg of TNT. Let us calculate the amount of gold we might melt from 25
• C by using 360 MJ of energy. Obviously, 360 MJ per beam is an amount of energy that cannot be supplied instantly. In fact, the process lasts 25 min, through a chain of different accelerators.
Energy and the LHC dipole
1232 magnetic dipoles (14.3 m long and weighing around 35 tonnes) placed along the beam path will produce the force which will permanently bend the protons' trajectory. The circulating electrical current is 11 800 A.
First, we have to calculate the dipole inductance. Let us consider the LHC dipole to be like a cylindrical coil (14.3 m long and 9 cm wide on average) with 80 turns and a perpendicular 
Thus, the stored energy is
Considering 1232 dipoles, E T ≈ 9 GJ. This is enough to completely melt 45 tonnes of gold from 25
If we consider the dipole length, the energy density per unit length of the LHC magnets is 7 MJ/14.3 m ≈ 500 kJ m −1 .
The compact muon solenoid (CMS) and energy stored
The compact muon solenoid (CMS) is one of two general-purpose LHC experiments (ATLAS is the other) designed to explore the physics of the terascale, the energy region where physicists believe they will find answers to the central questions at the heart of 21st-century particle physics.
Its magnet consists mainly of three parts: a superconducting coil, a vacuum tank, and the magnet yoke. The solenoid produces an axial field whereas the yoke is responsible for the return of the magnetic flux.
The solenoid consists of five distinct modules (2.5 m length). Each module consists of an aluminium cylinder with four internal layers of winding, each with 109 turns (see figure 2) . So,
The total length of the solenoid is d = 5 × 2.5 m = 12.5 m.
The current intensity will be I = 19500 A. So,
Let us now calculate the CMS inductance. The solenoid has 2180 turns, the magnetic field is 4 T, and the surface is
So, the magnetic flux throughout the surface is
The total stored energy is
equivalent to the energy produced in the explosion of half a tonne of TNT.
The ATLAS solenoid and energy stored
The ATLAS detector (A Toroidal LHC ApparatuS) is the world's largest general-purpose particle detector, measuring 46 m long, 25 m high and 25 m wide; its mass is 7000 tonnes and it consists of 100 million sensors that measure particles produced in proton-proton collisions in the LHC. The ATLAS detector features a hybrid system of four superconducting magnets: a central solenoid surrounded by two end-cap toroids and a barrel toroid. The magnet system dimensions are 20 m in diameter and 26 m in length. With its 2 GJ stored energy in air, it is actually the largest superconducting magnet in the world.
The central solenoid, which is 5.5 tonnes in mass, 2.5 m in diameter and 5.3 m in length, provides an axial magnetic field of 2 T at the centre of the ATLAS tracking volume. It contains 7 km of superconducting wire cooled by liquid helium and an electric current of 8000 A. With 7 km of superconducting wire, the number of turns is 7000/(π × 2.5) = 1142 turns.
The stored energy is
E = 1/2L × I 2 , E ≈ 44.8 MJ.
The energy stored in the ATLAS barrel toroid
The ATLAS detector also requires a large superconducting barrel toroid (BT) with overall dimensions of 25 m length and 22 m diameter. The barrel toroid provides the magnetic field for the muon detector. The toroid is assembled from eight flat race track coils of dimensions 25 m × 5 m (see figure 3 ). They were successively inserted in the underground cavern and assembled as a full toroid by using 16 supporting rings of struts that link the eight coils to form a rigid and stable structure. The total mass of the toroid is 850 tonnes. The toroid system contains over 100 km of superconducting wire, and has a current design of 20 500 A.
Every flat race track coil is (25 + 25 + 5 + 5) = 60 m length.
Since there is 100 km superconducting wire in the toroid we can consider that the number of equivalent turns is 100 000/60 ≈ 1670. Since
The stored energy is
Let us compare this value with the take-off energy of the Airbus 380.
Maximum take-off mass: 560 tonnes. Take-off speed: ∼ 300 km h −1 . So,
This is really very impressive. 
Radiofrequency (RF) cavities-energy delivered
The main role of the LHC cavities is to keep the 2808 proton bunches tightly bunched to ensure high luminosity at the collision points and hence maximize the number of collisions. They also deliver radiofrequency (RF) power to the beam during acceleration to the top energy. The LHC use eight cavities per beam, each delivering 2 MV (an accelerating field of 5 MV m −1 ) at 400 MHz. The cavities operate at 4.5 K-the LHC magnets will use superfluid helium at 1.8 K.
Let us calculate the energy delivered per second when the cavities are working at nominal power. Since each bunch travels at almost the speed of light, each one will go around 300 000/26.659 = 11 253 lap s −1 .
In addition, we must take into account: Then, the power of the RF cavities is P = 9 MW.
The Super Proton Synchrotron (SPS) is the second largest machine in CERN's accelerator complex. Measuring nearly 7 km in circumference, it takes particles from the PS and accelerates them to provide beams for the LHC, the COM-PASS experiment and the CNGS project.
Since protons are injected in the LHC (from the SPS accelerator) with 0.45 TeV, we can consider that the 7 TeV needed is provided by the RF cavities.
We have already calculated the stored beam energy, 360 MJ. So, after filling the LHC, the necessary time to take the beam to the top energy is 360/9 = 40 s.
Dumping energy
The LHC beam dumping system is designed to make a fast extraction of the circulating beams from each ring of the collider with minimal losses. The particles are then transported to external dump blocks, which are located in caverns at the end of a 700 m long vacuum line. The two dump blocks are the only elements in the LHC that can withstand the impact of the full beam. The 8 m length blocks are made of graphite to spread the hadronic showers out over a large volume. When it is time to get rid of the beams (also in case of emergency), the beams are 'kicked' out of the ring by a system of kicker magnets and sent into a dump block. A quenched dipole will require a beam dump in a single turn-(360 MJ per beam) dissipated in 89 ms! Each block is a cylinder of graphite composite 8 m long and 1 m in diameter, which is encased in concrete (see figure 4) . As the block absorbs the beam energy, it becomes very hot but does not melt. This size allows the hadronic showers to spread out over a large volume.
At the moment of dumping, the stored beam energy is delivered to the block. So, the energy density inside the block is ρ = 360/(8×π ×0.5
2 ), ρ = 57.3 MJ m −3 .
The total dissipated power is P = 360/0.089, P = 4 GW.
Powering the LHC and CERN
When the LHC is running the total average power for the whole CERN site will peak at about 180 MW, of which
• LHC cryogenics need 27.5 MW • LHC experiments need 22 MW.
If we include the base load for the whole site, the LHC contribution totals around 120 MW. CERN's predicted total for the year 2009 with LHC fully operational is around 1000 GW h (1 TW h), of which around 700 GW h might be attributed to the LHC (machine, experiments and base load).
The canton of Geneva uses 41 000 TJ (heating, transport, electricity) i.e. around 11.4 TW h, so CERN comes in at less that 10% of the total energy consumption of the canton.
